ABSTRACT Background: Children with edematous severe acute malnutrition (SAM) produce less cysteine than do their nonedematous counterparts. They also have marked glutathione (GSH) depletion, hair loss, skin erosion, gut mucosal atrophy, and depletion of mucins. Because GSH, skin, hair, mucosal, and mucin proteins are rich in cysteine, we hypothesized that splanchnic extraction and the efficiency of cysteine utilization would be greater in edematous than in nonedematous SAM. Objective: We aimed to measure cysteine kinetics in childhood edematous and nonedematous SAM. Design: Cysteine flux, oxidation, balance, and splanchnic uptake (SPU) were measured in 2 groups of children with edematous (n = 9) and nonedematous (n = 10) SAM at 4.4 6 1.1 d after admission (stage 1) and at 20.5 6 1.6 d after admission (stage 2) when they had replenished 50% of their weight deficit. Results: In comparison with the nonedematous group, the edematous group had slower cysteine flux at stage 1 but not at stage 2; furthermore, they oxidized less cysteine at both stages, resulting in better cysteine balance and therefore better efficiency of utilization of dietary cysteine. Cysteine SPU was not different between groups but was~45% in both groups at the 2 stages. Conclusion: These findings suggest that children with edematous SAM may have a greater requirement for cysteine during early and mid-nutritional rehabilitation because they used dietary cysteine more efficiently than did their nonedematous counterparts and because the splanchnic tissues of all children with SAM have a relatively high requirement for cysteine. This trial was registered at clinicaltrials. gov as NCT00069134.
INTRODUCTION
In earlier studies of GSH 4 metabolism in children with severe childhood undernutrition (SAM), we found that slower erythrocyte GSH synthesis in those with edema was associated with lower concentrations of cysteine, the rate-limiting precursor of GSH synthesis (1) . The increase in GSH synthesis brought about by cysteine supplementation during the early phase of nutritional rehabilitation suggested a shortage in cysteine availability in children with edematous SAM (2) . In more recent studies we reported that the fluxes of cysteine and its precursor methionine were slower in edematous SAM than in nonedematous SAM because of decreased release from a slower whole-body protein breakdown rate (3, 4) . Because both amino acids are needed for protein synthesis, cysteine is the rate-limiting amino acid for GSH synthesis, methionine is required for initiation of protein synthesis and is a precursor for the synthesis of polyamines and S-adenosylmethionine, and both amino acids are required in relatively larger proportions for synthesis of collagen and the keratin of skin and hair. Roediger (5) proposed that a profound shortage in the availability of sulfur amino acids during a time of greatest requirement (ie, early childhood) may be responsible for some of the signs and symptoms of edematous SAM.
In addition, because gut mucosal proteins and mucins are rich in cysteine (6) , and they turnover at extremely fast rates,~100-140% per day (7, 8) , cysteine deficiency may be contributing significantly to the intestinal mucosal atrophy and reduced secretory mucins, and therefore to the impaired gut function and leakiness, observed in children with SAM (9) . These structural and functional abnormalities will be more pronounced in those with edematous SAM on the basis of the evidence of more severe gut mucosal atrophy observed in this group than in children with nonedematous SAM (10) . There is strong evidence from animal studies that cysteine and GSH play key roles in maintaining intestinal structure and function (11) (12) (13) . Therefore, during early nutritional rehabilitation the requirement for cysteine to repair the gut will be greater in children with edematous SAM than in those with nonedematous SAM. Furthermore, children with edematous SAM should use dietary cysteine more efficiently to meet overall needs because of decreased availability from body protein breakdown.
We tested 2 hypotheses. First, the efficiency of utilization of cysteine will be much greater in children with edematous SAM than in nonedematous SAM during the early (stage 1) and mid-CUG (stage 2) stages of nutritional rehabilitation. Second, because of the need to repair and replenish gut tissues and secretory mucins early, the splanchnic extraction of cysteine will be greater in edematous SAM at stage 1 but not at stage 2. To test these hypotheses we used a dual stable-isotope-tracer method to measure cysteine flux and its oxidation and splanchnic extraction in the fed state at stages 1 and 2 of rehabilitation.
SUBJECTS AND METHODS

Subjects
Nineteen children, aged 4-24 mo, who were admitted to the Tropical Metabolism Research Unit of the University of the West Indies, Jamaica, for treatment of primary SAM were recruited. On the basis of the Wellcome classification (14) , they were assigned to either an edematous group (kwashiorkor and marasmic-kwashiorkor) or to a nonedematous group (marasmus and undernutrition). Nine children had edematous SAM (4 boys, 5 girls), 3 with kwashiorkor and 6 with marasmic kwashiorkor; 10 children had nonedematous SAM (6 boys, 4 girls), 3 with marasmus and 7 with undernutrition. Treatment followed a standard protocol as described previously (15) . This study was conducted according to the guidelines laid down by the Declaration of Helsinki. The University Hospital/University of the West Indies Faculty of Medical Sciences Ethics Committee and the Baylor Affiliates Review Board for Human Subject Research, Baylor College of Medicine, approved the study. Written informed consent was obtained from a parent or guardian of each child enrolled.
Study design
The study consisted of a group of 9 children with edematous SAM and a group of 10 children with nonedematous SAM. By using stable-isotope-tracer methodology, cysteine kinetics were measured at 4.4 6 1.1 d after admission in the fed state when the subjects were severely malnourished but clinically stable as indicated by blood pressure, pulse, and respiration rates (stage 1 experiment) and at 20.5 6 1.6 d after admission (stage 2 experiment) during the mid-CUG phase when they had replenished 50% of their weight deficit. During the stage 1 measurement, the children were fed a weight-maintenance diet intragastrically, and a high-energy diet was fed during the stage 2 measurement. These diets are based on a standard dietary treatment protocol that takes into consideration the metabolic capacity at different stages of rehabilitation and was previously described by us (1, 2, 16 , but during the stage 2 experiment they were fed on the basis of their individual intake at that time. At this time, the children were consuming~655 kJ Á kg
. On the experiment day, intragastric feeding started 2 h before the start of an 8-h isotope infusion. Therefore, 42% of the subject's daily food intake was provided by constant intragastric infusion over a 10-h period. Intravenous catheters were placed in each arm, one for infusion of isotopes and one for withdrawal of blood samples. First, isotopically labeled sodium bicarbonate was infused intravenously and breath samples collected for measuring carbon dioxide production, followed by simultaneous intravenous and intragastric infusions of 2 different isotopes of cysteine to measure cysteine kinetics.
Weight and length were measured daily with an electronic balance (model F150S; Sartorius) and with a horizontal mounted stadiometer (Holtain Ltd), respectively. The mean rate of weight gain over 4 consecutive days during the mid-CUG phase was calculated starting 2 d before the isotope study.
Isotopic tracer infusion protocol
After 2 h of intragastric feeding, breath and blood (0.5 mL) samples were collected followed by a primed (P) continuous infusion (I) of NaH 13 CO 3 (P = 4.5 lmol/kg at stage 1 and 6 lmol/kg at stage 2, I = 6 lmol Á kg 21 Á h 21 ) for 2 h. More breath samples were collected every 15 min in the second hour. After 2 h, the NaH 13 CO 3 was stopped and an intragastric infusion of 2 H 2 -cysteine (P = 4 lmol/kg, I = 3 lmol Á kg 21 Á h 21 ) and an intravenous infusion of U-13 C 3 -cysteine (P = 3.75 lmol/kg, I = 3 lmolÁ kg 21 Á h 21 ) were started simultaneously and maintained for 6 h. During the last 2 h of infusion, 4 more blood and breath samples were obtained: the first 2 were collected hourly and the last 2 at 0.5-h intervals.
Sample analyses
Blood was collected in heparinized tubes and centrifuged immediately at 1000 g for 15 min at 4°C; the plasma removed and stored immediately at 270°C for later analyses. The plasma cysteine tracer:tracee ratios were measured by using a triple quadrupole mass spectrometer (TSQ Vantage; Thermo Scientific), equipped with an HESI (heated-electrospray ionization) source, an Accela pump (Thermo Scientific), and a Thermal PAL autosampler (Thermo Scientific). Dithiothreitol (60 mmol/L in 0.1 mol sodium tetraborate/L) was added to the plasma sample to convert cystine to cysteine. Cysteine was then alkylated by adding iodoacetamide (0.5 mol/L) in 0.1 mol ammonium bicarbonate/L. Alkylated cysteine was converted into its DANS [5-(dimethylamino)-1-napthalene sulfonamide] derivative and analyzed by liquid chromatography-mass spectrometry on a Phenomenex Synergi MAX-RP 4 lm 150 · 2.0 mm column. The ions were then analyzed by selected reaction monitoring mode. The transitions observed were precursor ions m/z 412, 414, and 415 to product ion m/z 170 at 27 electron volts. Instrumental control and data acquisition and analysis were performed by the XCalibur (version 2.1) software package (Thermo Scientific).
Total plasma cysteine (cystine plus cysteine) concentration was measured by in vitro isotope dilution. A known quantity of U-13 C3-cysteine (Cambridge Isotope Laboratories) was added as an internal standard to the baseline plasma samples; dithiothreitol (60 mmol/L in 0.1 mol sodium tetraborate/L) was added to convert cystine to cysteine, and the sample was processed as described above.
The breath samples were analyzed for 13 C abundance in carbon dioxide by gas isotope ratio-mass spectrometry (ThermoQuest Finnigan Deltaplus XL Isotope Ratio Mass Spectrometer coupled with Gasbench-II; Thermo Scientific) monitoring of ions at m/z 44 and 45.
Calculations
The following standard steady state equation was used to calculate total flux (Q) of cysteine and carbon dioxide:
where Tr/tr inf is the tracer:tracee ratio of the U-13 C-cysteine (or of the NaH 13 CO 3 ) infusate and Tr/tr plat is the tracer:tracee ratio of cysteine (M+3 isotopomer) in plasma (or 13 CO 2 in expired air) at plateau and i IV is the intravenous infusion rate of the respective tracer in lmol Á kg 21 Á h 21 . Endogenous flux was calculated as the difference between total flux and the intravenous tracer in the case of carbon dioxide and the tracer infusions plus dietary intake in the case of cysteine.
Cysteine oxidation rate was calculated by using the following equation:
where ECO 2 and QCO 2 are the isotopic enrichment and flux of carbon dioxide and Tr/tr cysteine is the steady state tracer:tracee ratio of the m+3 isotopomer of cysteine. Cysteine balance (lmol Á kg 21 Á h 21 ) was calculated as total intake minus oxidation. Efficiency of utilization of exogenous cysteine was calculated as cysteine balance expressed as percentage of total intake.
The percentage of dietary cysteine extracted by the splanchnic tissues (%CYS splan ) was obtained from the following equation:
where Tr/tr pIG and Tr/tr pIV are the steady state tracer-to-tracee ratios of the intragastric (IG) and intravenous (IV) tracers and i IG and i IV are the rates of infusion of the IG and IV tracers. SPU was calculated as the product of %CYS splan and enteral cysteine intake, ie, dietary cysteine plus the IG-infused cysteine tracer.
The kinetic and anthropometric data in the stage 1 experiments were expressed per kilogram of edema-free body weight. Edema weight was estimated as the difference between body weight on the day of the stage 1 experiment and the lowest postexperiment weight observed. During this period, all patients were fed the maintenance diet, which does not promote weight gain. The edematous children lost their edema before the stage 2 experiment.
Statistical analyses
Differences in the physical and clinical characteristics of the 2 groups at each stage were determined by nonpaired 2-tailed t test. The kinetic data were analyzed by using 2-factor repeatedmeasures ANOVA, with the between-group factor being the diagnosis and the repeated factor being the stage measurement over time [stage 1 (acutely malnourished) to stage 2 (mid-CUG)]. Stata statistical software version 8 for Windows (Stata Corporation) was used for the analysis. Results were considered to be significant if P , 0.05.
RESULTS
Physical characteristics of the subjects are shown in Table 1 . Age was not significantly different between the 2 groups. At stage 1, although the children in nonedematous group were significantly longer (P = 0.005) and heavier (P = 0.03) than in the edematous group, they were more wasted as indicated by lower weight for length (P = 0.015). At stage 1, both nonedematous and edematous children were hypoalbuminemic, but albumin concentrations were significantly lower in the edematous compared with the nonedematous children (P , 0.001). At stage 2, except for 3 children with edematous SAM, albumin concentrations of the children in both groups were within the normal range. At both stages 1 and 2, hemoglobin concentrations in the edematous group were lower than in the nonedematous group (P = 0.004 and 0.04, respectively). All except 2 of the nonedematous children had 1-4 types of infection ( Table 2 ). All of the infections resolved with broad-spectrum antibiotic treatment within the first 10 d of treatment. Therefore, all children had been free of infections for~10 d when the stage 2 experiment was performed.
Cysteine intake and SPU are shown in Table 3 . There was no difference in dietary or total exogenous cysteine intake between the groups at stage 1 or at stage 2. Dietary intake was greater at stage 2 than at stage 1 in both groups (P , 0.01). Similarly, there was a significant effect of clinical stage because the amount of cysteine extracted by the splanchnic bed was greater at stage 2 (P , 0.01) in both groups. There was no significant clinical stage by diagnosis group interaction in SPU because the fraction of cysteine extracted by the splanchnic bed was not different between the groups or between stages.
Endogenous cysteine flux, oxidation, balance, and efficiency of utilization are shown in Figure 1 . At stage 1 there was a significant effect of diagnosis because endogenous cysteine flux was slower in the edematous children with SAM than in the nonedematous children (P , 0.02). Flux increased significantly from stages 1 to 2 in the edematous group (main effect of clinical stage, P , 0.01) but not in the nonedematous group. At stage 2, there was no difference between the groups.
With respect to cysteine oxidation, there was a trend toward a significant stage by diagnosis group interaction (P = 0.05) because oxidation increased by a much greater magnitude in the nonedematous group than in the edematous group. Both diagnosis and clinical stage had significant main effects. Cysteine oxidation rates increased significantly from stage 1 to stage 2 in both groups (P , 0.001) and were significantly slower (P , 0.001) in the children with edematous SAM compared with the values of those with nonedematous SAM at both clinical stages. As a consequence, cysteine balance was significantly greater (P , 0.05) in the children with edematous SAM at both stages. Similarly, the efficiency of utilization of dietary cysteine was also significantly greater (P , 0.001) in the children with edematous SAM at both stages.
Despite the better cysteine balance at both stages, total plasma cysteine concentration (cystine plus cysteine) was significantly lower (P , 0.05) in the edematous children than in the nonedematous children (stage 1: 72.5 6 15.0 compared with 189.0 6 14.5 lmol/L, respectively; stage 2: 168.3 6 14.1 compared with 207.6 6 10.1 lmol/L, respectively). The edematous children had significantly higher total plasma cysteine concentration at stage 2 than at stage 1 (P , 0.05).
DISCUSSION
In this study we tested the hypotheses that the efficiency of utilization of cysteine will be much greater in children diagnosed with edematous SAM than in those with nonedematous SAM during the acutely malnourished and mid-CUG stages of nutritional rehabilitation and that cysteine SPU will be much greater in children with edematous SAM but not at mid-CUG. In comparison with the children with nonedematous SAM, the children with edematous SAM had slower endogenous cysteine flux in the acutely malnourished stage but not in the mid-CUG stage, and they oxidized less cysteine at both stages resulting in better cysteine balance. There was no difference in SPU of cysteine between the edematous and nonedematous groups but 45% of enteral cysteine was extracted by the splanchnic bed in all children at both stages. These findings suggest that children with edematous SAM may have a greater requirement for cysteine during early and mid-nutritional rehabilitation because they used dietary cysteine more efficiently than did their nonedematous counterparts and that the splanchnic tissues of children with SAM have a relatively high requirement for cysteine.
Cysteine in the body's free amino acid pool derives from the diet, from de novo synthesis, and from the breakdown of body proteins. During early nutritional rehabilitation, endogenous cysteine flux, ie, cysteine derived from synthesis and protein breakdown, was slower in the edematous group than in the nonedematous group, which corroborated our previous finding (4). Despite similar dietary cysteine intakes by the 2 groups, oxidation rates were 58% and 67% slower in the edematous group than in the nonedematous group at stages 1 and 2, respectively, indicating a better efficiency of utilization of dietary cysteine and a higher demand for cysteine at both stages. A combination of higher cysteine consumption in synthetic pathways and lower contribution from protein turnover, especially in the acutely malnourished state, could have led to the lower oxidation rates and therefore lower concentrations in the edematous group.
However, the edematous group could have maximized the availability of cysteine for synthetic purposes by lowering its rate of oxidation. This is supported by our comparison of the measured cysteine oxidation in the present study with the predicted obligatory cysteine oxidation using the approach of Young et al (17) ( Table 4) . To meet amino acid requirements, obligatory amino acid oxidation rates must be compensated for by an appropriate dietary supply that is greater than the obligatory loss (17, 18) . Whereas cysteine oxidation relative to the predicted obligatory oxidation at stages 1 and 2 was 91% and 132%, respectively, in the nonedematous group, it was only 44% and 45%, respectively, in the edematous group. This further supports the notion of increased efficiency of utilization and higher cysteine requirements in the edematous group in response to insufficient supply relative to demands leading to an intrinsic minimum cysteine oxidation. Furthermore, the nonedematous children seemed to be oxidizing cysteine at the obligatory rate at stage 1, suggesting an increased demand when severely malnourished but to a much lesser extent than in the edematous group.
The higher requirement for cysteine in the edematous children at stage 1 was not surprising because the need for early restoration of gut structure and function requires synthesis of cysteinerich gastrointestinal proteins, mucins, and GSH. However, both groups had almost identical (~5 lmol Á kg 21 Á h
21
) cysteine SPU at stage 1, suggesting that the children with edema had a higher demand for cysteine to repair and replenish nonsplanchnic tissues. It was surprising to find that the greater need for cysteine 1 All values are means 6 SEMs. Stage 1:~4 d after admission; stage 2:~20 d after admission when the children had replaced 50% of their weight deficit.
2 Significantly different from the corresponding clinical phase, P , 0.05 (paired t test).
3 Weight was adjusted for edema which was estimated as the difference between body weight on the day of the stage 1 experiment and the lowest post experiment weight measured. All children were edema free at stage 2. 4 Significantly different from nonedematous patients in the same clinical phase, P , 0.05 (unpaired t test).
TABLE 2
Type of infection, temperature, and WBC count of subjects at admission 2 Values are means 6 SEMs. There were no differences between the edematous and nonedematous groups of children (nonpaired, 2-tailed t test).
persisted even at the mid-CUG stage in the edematous group when both groups were consuming as much as~20 lmol Á kg
dietary cysteine plus extra cysteine delivered as tracer (44.75 lmol/kg over 6 h). This extra amount of cysteine may have contributed to meeting overall demands and might have had a positive effect on GSH synthesis in the early phase of rehabilitation. Unfortunately, GSH kinetics was not measured. There are several factors that could have contributed to the higher requirement for cysteine at the mid-CUG stage in the edematous group despite their large dietary cysteine intake. First, a marginally higher growth rate in the edematous group (19.5 ) at this stage suggests greater cysteine utilization for body protein synthesis. Second, there will be an increased demand for cysteine to synthesize and replenish whole-body GSH; a previous study (1) showed that at the beginning of the CUG phase intracellular GSH concentration and synthesis are markedly reduced in children with edematous SAM. It is believed that increased consumption of GSH in edematous SAM (20, 21) for the disposal of free radicals generated from various noxae, especially infections, also contributes to lower GSH concentrations. This would contribute to an increased demand for cysteine to replenish GSH. However, in the present study there was no marked difference in the pattern of infections between edematous and nonedematous SAM, although the degree of infection was not clearly known. Third, 2 classical features of edematous SAM are thin, sparse hair and "flaky paint" dermatitis marked by erosion and ulceration of the skin. Both skin and hair contain cysteine-rich keratin, and biopsies of the skin of children with edematous SAM showed a large reduction in collagen, another cysteine-rich protein (22) . From experience, we know that healing of the skin and restoration of normal hair continues well into the CUG period. Therefore, the need to synthesize skin and hair proteins may have also contributed to the higher demand for cysteine at the mid-CUG stage.
Severe atrophy of the intestinal mucosa and reduced mucins have been reported often in children with SAM (10, 23) . Because mucosal and mucin proteins are rich in cysteine, it is expected that the demand for cysteine will be high to repair and restore gut function. This high demand is borne out by studies in piglets showing that intestinal epithelial cell proliferation is suppressed in sulfur amino acid-deficient piglets (11), and~80% of dietary cysteine is extracted and used by the portal drained viscera (24) . On the basis of the report that gut mucosal atrophy was more pronounced in children with edematous SAM than in those with nonedematous SAM (10), we reasoned that this would contribute to greater SPU of cysteine in the children with edematous SAM, especially during the early phase of nutritional rehabilitation when gut integrity and function has to be reestablished to facilitate the increased dietary intakes needed for replenishment of body tissues. This was not the case because SPU was almost equally high in both groups. It is not certain whether or not intestinal uptake was different because SPU reflects uptake by the liver and portal drained viscera. However, at both stages SPU represented~45% of dietary cysteine, leaving only~55% to meet the requirements of the nonsplanchnic organs and tissue beds. In children with SAM this could have a negative effect on the overall synthesis of body proteins, especially those proteins rich in cysteine such as the skin and hair keratin (5) . This may explain why the flaky-paint dermatitis lesions of children with edematous SAM take such a relatively long time (~4 wk) to heal (5) .
We previously reported that erythrocyte GSH concentration and synthesis rates are lower in edematous SAM than in nonedematous SAM (1) , and that cysteine supplementation resulted in early restoration of erythrocyte GSH in children with edematous SAM (2) . We also reported that cysteine released from protein breakdown was slower in children with edematous SAM (4) . On the basis of these observations we argued that children with edematous SAM should be supplemented with cysteine, especially during the early stage of nutritional rehabilitation when they cannot tolerate a high protein intake (1, 2) . The present data indicating greater requirement for cysteine at the level of the whole body are further support for a higher cysteine intake not only in the acutely malnourished phase but also during CUG. The authors' responsibilities were as follows-FJ, AB, MR and TF: designed the study and supervised various aspects of the study; CT-B: was responsible for clinical care of the subjects and participated in the isotope infusions; CG: prepared isotope infusates and processed samples: JWH: supervised laboratory analyses and calculated final data; and AB, FJ and JWH: analyzed and interpreted the data and wrote the manuscript. All authors contributed to different aspects of this study, including the design of the study, data collection, sample analysis, data interpretation, and writing of the manuscript. None of the authors had any conflicts of interest with the funding agencies. 
